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ABSTRACT
We study the vertical structure of a stellar disk obtained from a fully cosmological high-
resolution hydrodynamical simulation of the formation of a Milky Way-like galaxy.
At the present day, the disk’s mean vertical height shows a well-defined and strong
pattern, with amplitudes as large as 3 kpc in its outer regions. This pattern is the
result of a satellite – host halo – disk interaction and reproduces, qualitatively, many
of the observable properties of the Monoceros Ring. In particular we find disk material
at the distance of Monoceros (R ∼ 12–16 kpc, galactocentric) extending far above the
mid plane ( 30◦, 〈Z〉 ∼ 1–2 kpc) in both hemispheres, as well as well-defined arcs of
disk material at heliocentric distances & 5 kpc. The pattern was first excited ≈ 3 Gyr
ago as an m = 1 mode that later winds up into a leading spiral pattern. Interestingly,
the main driver behind this perturbation is a low-mass low-velocity fly-by encounter.
The satellite has total mass, pericentre distance and pericentric velocity of ∼ 5% of
the host, ∼ 80 kpc, and 215 km/s, respectively. The satellite is not massive enough
to directly perturb the galactic disk but we show that the density field of the host
dark matter halo responds to this interaction resulting in a strong amplification of
the perturbative effects. This subsequently causes the onset and development of the
Monoceros-like feature.
Key words: chaos: galaxies – galaxies: dynamics – methods: N–body simulations
1 INTRODUCTION
Several recent studies based on different astrometric cat-
alogues have revealed a complex vertical structure in the
Galactic disk. These results have accumulated evidence in
favor of an asymmetry about the Galactic mid-plane. The
first of this series of studies was presented by Widrow et al.
(2012). Using a sample of 11,000 main sequence stars from
the Sloan Extension for Galactic Understanding and Explo-
ration (SEGUE) survey, they showed that the Solar Neigh-
borhood has a north-south asymmetry in both the number
count and the mean vertical velocity distribution of stars.
The study shows a 10 per cent number count deficit (ex-
cess), i.e. (north − south)/(north + south), at ±400 pc
(±800 pc) from the Galactic mid-plane and a vertical ve-
locity gradient of ∼ 3–5 km s−1 kpc−1. While the asymme-
try in the vertical velocity suggests a breathing mode, i.e.,
rarefaction and compression of the Galactic disk, the stel-
? E-mail: fgomez@mpa-garching.mpg.de
lar number counts clearly suggest a bending mode, i.e., a
local displacements of the disk from the midplane. These re-
sults were later supported by Yanny & Gardner (2013), who
carefully characterized the effects that uncertainties and po-
tential biases in the data set could have on the discovery of
vertical perturbations. In the following year, the presence
of bulk vertical motions in the disk was confirmed by stud-
ies based on the Radial Velocity Experiment (RAVE) and
the LAMOST/LEGUE survey (Carlin et al. 2013; Williams
et al. 2013). Williams et al. (2013) mapped out bulk motions
as a function of Galactocentric radius and found evidence for
compressional motion outside the solar circle and rarefaction
inside. The observed peak vertical bulk velocities are as large
as 15 km s−1.
The presence of a bending mode has also been sup-
ported by several studies. Using a sample of main sequence
turn-off stars provided by Pan-STARRS1 (Kaiser et al.
2010), Slater et al. (2014, hereafter S14) mapped the stellar
distribution at galactic latitudes |b| . 30◦, up to heliocentric
distances of ≈ 17 kpc. Their study revealed a much more
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complex morphology of the Monoceros (Mon) Ring than
previously known. As discussed by S14, the Mon ring was
originally identified as an overdensity of stars at ∼ 10 kpc
from the Sun, spanning Galactic latitudes from b ∼ +35◦ to
the edge of the Sloan Digital Sky Survey (SDSS) footprint
at b ∼ +20◦ and in Galactic longitude extending between
l = 230◦ and l = 160◦ (Newberg et al. 2002; Rocha-Pinto
et al. 2003; Yanny et al. 2003; Belokurov et al. 2006). S14
showed that this structure, which can be observed in both
the North and South Galactic hemispheres, exhibits stream-
like features and sharp edges. More importantly, they saw
a North-South asymmetry, with the southern and northern
parts dominating the regions closer and further from the
Sun, respectively.
More recently, Xu et al. (2015) showed that the SDSS
number counts of main-sequence stars at Galactic latitudes
110◦ < l < 229◦ exhibit a clear and radially extended oscilla-
tory behaviour. This corresponds to variations of the stellar
density asymmetry whose amplitude increases as a function
of distance from the Sun, in the direction of the Galactic an-
ticenter. In particular, they identified four “substructures”
that represent the locations of peaks in the oscillations of the
disk midplane. These four peaks are located at an approxi-
mate distance of 10.5 kpc (north), 13 kpc (south), 16.5 kpc
(north) and 21 kpc (south) from the Galactic center. The
last two peaks correspond to the Mon ring and Triangulum-
Andromeda (TriAnd) cloud (Rocha-Pinto et al. 2004; Ma-
jewski et al. 2004), respectively. This interpretation of the
data was supported by Price-Whelan et al. (2015), who stud-
ied the number ratio of RR Lyrae to M giant stars, fRR:MG,
associated with the TriAnd and TriAnd2 clouds (Martin,
Ibata & Irwin 2007). They find that these two ring-like over-
densities, the latter located at (R,Z) ≈ (30,−10) kpc, have
stellar populations quite unlike any of the known satellites
of the Milky Way and more similar to stars born in the much
deeper potential of the Galactic disk.
Given the wealth of observations suggesting an asym-
metric disk vertical structure it is interesting to explore pos-
sible formation scenarios and to identify the main physical
mechanisms driving these oscillations. Naively one would
expect vertical modes to be excited by external perturba-
tions. However, a series of recent studies have shown that
breathing modes can arise as a result of the interaction be-
tween disk stars and the bar (Monari, Famaey & Siebert
2015) or spiral arms (Faure, Siebert & Famaey 2014; Debat-
tista 2014). Even though these perturbations are likely to be
taking place in the Galactic disk, they cannot however ac-
count for the observed bending modes. In contrast, Widrow
et al. (2014) (see also Widrow & Bonner 2015) showed that
a satellite galaxy plunging through the mid-plane of the disk
can simultaneously excite both types of mode. The relative
strength of these modes depends strongly, among other fac-
tors, on the vertical velocity of the passing satellite in com-
parison to that of the disk’s stars.
Several numerical models have been studied in the past
to understand the effects that a satellite-disk interaction
can have on the vertical structure of the disk (e.g., Quinn,
Hernquist & Fullagar 1993; Velazquez & White 1999; Vil-
lalobos & Helmi 2008; Kazantzidis et al. 2009; Kim et al.
2014; Feldmann & Spolyar 2015). Purcell et al. (2011) pre-
sented a set of simulations of the interaction between the
Milky Way disk and the Sagittarius dwarf spheroidal (Sgr).
Their study showed that such interaction can qualitatively
reproduce many of the morphological features observed in
the Galactic disk, including a Mon ring-like feature. Go´mez
et al. (2013, hereafter G13) re-analyzed these simulations
and showed that they can also reproduce the observed lo-
cal North-South asymmetry, as well as perturbations in the
in-plane velocity field observed on a sample of SEGUE F/G
dwarf stars (Go´mez et al. 2012). In these simulations, the
local north-south asymmetry is a manifestation of a global
oscillating mode perturbing the disk located at galactocen-
tric distances R & 6 kpc. Price-Whelan et al. (2015) re-ran
these simulations with higher numerical resolution to better
sample the outer galactic regions. They find that rings of
offset material with respect to the mid-plane of the disk can
be found at distances as large as 30 kpc, reminiscent of the
TriAnd clouds. Despite this success, these simulations fail to
deposit enough disk material at the observed galactocentric
heights, especially in the outer regions.
Vertical perturbations in a galactic disk can also arise
from the disk-host dark halo interaction (see Sellwood 2013,
for a recent review). Either a misaligned DM halo (with re-
spect to the disk) or the late time accretion of material can
provide enough torque to form strong warps (e.g. Debat-
tista & Sellwood 1999; Jiang & Binney 1999; Shen & Sell-
wood 2006; DeBuhr, Ma & White 2012; Aumer & White
2013; Yurin & Springel 2014). In addition, as shown by Ves-
perini & Weinberg (2000), even an encounter with a low-
mass, low-velocity fly-by that penetrates the outer regions
of a galaxy can generate asymmetric features in the host DM
halo density field. These density perturbations can be effi-
ciently transmitted to the inner parts of the primary system
and subsequently perturb an embedded galactic disk. Such
perturbations can induce the formation of vertical patterns
(e.g. Weinberg 1998).
In this work we study the vertical structure of a Milky
Way-like galaxy formed in fully cosmological hydrodynami-
cal simulation. The simulated disk analyzed here is obtained
from the highest numerical resolution simulation of the suite
presented by Marinacci, Pakmor & Springel (2014, hereafter
M14). As discussed by M14, this system is one of the best
Milky Way-look alikes among the suite. It is strongly disk–
dominated with a realistic rotation curve, a surface density
profile close to exponential, and both an age distribution
and a size that are consistent with expectations from large
galaxy surveys in the local Universe. In Section 2 we briefly
review the main properties of the simulation. We charac-
terize the time evolution of the disk’s vertical structure in
Section 3 and show that, at the present day, it shows a strong
and well defined vertical pattern that matches many of the
observational properties of the Mon ring. In Section 4 we
identify and characterize the main driving source of this ver-
tical perturbation. We summarize and discuss our results in
Section 5.
2 THE SIMULATIONS
In this work we analyze a cosmological hydrodynamical sim-
ulation of the formation of a Milky Way-like galaxy. In what
follows we briefly summarize the methodology and the main
characteristics of this simulation.
Our work focuses on one of the Milky Way-like galax-
c© 2015 RAS, MNRAS 000, 1–16
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ies first introduced in M14. Following previously adopted
nomenclature, we will refer to this galaxy as Aq-C-4. The
simulations were run adopting a ΛCDM cosmology with pa-
rameters Ωm = Ωdm + Ωb = 0.25, Ωb = 0.04, ΩΛ = 0.75,
σ8 = 0.9, ns = 1, and Hubble constant H0 = 100 h km s
−1
Mpc−1 = 73 km s−1 Mpc−1. The halo was first identified in
a lower resolution version of the Millennium-II Simulation
(Boylan-Kolchin et al. 2009) which was carried out within a
periodic box of side 125 h−1 Mpc. Applying the “zoom-in”
technique, the galaxy was simulated multiple times at differ-
ent resolutions, increasing in each step the mass-resolution
by a factor of 8. After setting up the initial dark matter
distribution, gas was added by splitting each dark matter
particle into a dark matter particle and gas cell pair. The
masses assigned to each are determined from the cosmolog-
ical baryon mass fraction. The dark matter particle and gas
cell in each pair are separated by a distance equal to half the
mean inter-particle spacing. Their phase-space coordinates
are chosen such that the centre of mass and velocity of the
pair is the same as the original dark matter particle.
The simulations were carried out using the moving-
mesh code AREPO (Springel 2010). AREPO solves the
gravitational and collisionless dynamics by using a TreePM
approach (Springel 2005). To follow the evolution of the gas
component this code solves the Euler equations on an un-
structured Voronoi mesh by adopting a finite-volume dis-
cretization. The main advantage of AREPO is that the set
of points generating its unstructured Voronoi mesh are al-
lowed to move freely, thus inducing a transformation of the
mesh that adapts itself to the characteristics of the flow.
For more details about this method, see Springel (2010) and
Vogelsberger et al. (2012).
The simulations include treatments for the critical phys-
ical processes that govern galaxy formation, such as gravity,
gas cooling/heating, star formation, mass return and metal
enrichment from stellar evolution, and feedback from stars
and supermassive black holes. The parameters that regulate
the efficiency of each process have been selected by contrast-
ing the results obtained from cosmological simulations to the
corresponding observational quantities (Vogelsberger et al.
2013, M14). The resulting fiducial settings produce a good
match to the stellar mass to halo mass function, the galaxy
luminosity functions, the history of the cosmic star forma-
tion rate density and several other important observables.
As discussed by M14, Aq-C-4 is one the most similar to
the Milky Way among the models analyzed in their work. It
has a flat rotation curve that peaks at vmaxc ≈ 250 km s−1 at
∼ 4 kpc. A decomposition of the stellar surface density pro-
file into an exponential disk and a Se´rsic profile yields a disk
scale length and a bulge effective radius of approximately
3.1 and 0.8 kpc, respectively. The decomposition results in
a disk-to-total mass ratio, D/T = 0.93. A more robust deter-
mination of D/T based on a kinematic decomposition using
all star particles within 0.1 Rvir yields a value of 0.67. Both
results indicate the presence of a dominant disk. The re-
sulting galaxy falls well within the observed size-luminosity
relation in the B band and matches the Tully-Fisher rela-
tion. Also it exhibits a present day gas fraction in reasonable
agreement with the Milky Way. Behind this well character-
ized disk lies a quiet formation history with no significant
perturbations to its steady slow growth since z ≈ 1. Inter-
estingly, the latest external perturbation experienced by this
Figure 1. Top panel: Map of the simulated galactic disk’s mass-
weighted 〈Z〉 at the present day. The different colours and the
relief indicate different values of 〈Z〉 in kpc. Bottom panel: As in
the top panel but for 〈vz〉. The colour bar is in units of km/s. In
both maps a very clear vertical pattern can be observed. Note the
anticorrelation between 〈Z〉 and 〈vz〉.
stellar disk takes place close to z = 0, approximately 2.7 Gyr
ago. As we will show later in Section 4, a fly-by encounter
with a ∼ 4×1010M satellite causes the vertical pattern ob-
served in the disk at the present day. The main properties
of this model at the present day are summarized in Table 1
Throughout this paper, unless otherwise stated, we de-
fine a disk particle to be any star particle that i) shares
the same sense of rotation as the overall disk, as determined
by the sign of the Z-component of its angular momentum,
ii) has a vertical velocity vz < v
max
c and iii) is located at
|Z| 6 15 kpc. These very simple selection criteria serve to
significantly suppress contamination from the accreted com-
ponent of the stellar halo. Tests performed with stronger
selection criteria showed no significant differences in our
results. Furthermore, as previously mentioned, this galaxy
is strongly disk dominated. Thus, contamination from the
spheroidal component is minimal.
c© 2015 RAS, MNRAS 000, 1–16
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Run Rvir Mgas M? Mdm Ncells N? Ndm mgas mdm 
(kpc) (1010M) (1010M) (1010M) (106) (106) (106) (105M) (105M) (pc)
Aq-C-4 234.4 8.39 5.31 145.71 1.53 1.63 5.4 0.51 2.70 340
Table 1. Properties of the simulated galaxy at the present day. Following previous convention, we will refer to it as Aq-C-4. From left
to right, the columns give the virial radius defined by a sphere enclosing an overdensity of 200 with respect to the critical density; the
total gas, stellar and dark matter masses inside the virial radius; the numbers of gaseous cells, star and dark matter particles; the gas
and dark matter mass resolutions in the high-resolution region and the softening length in physical units.
3 GALACTIC DISK’S VERTICAL
STRUCTURE
In order to characterize the present day disk’s vertical struc-
ture, we have carefully aligned the disk with the XY plane.
This is done by iteratively computing, and aligning with the
Z-direction, the total angular momentum of the star par-
ticles located within 5 kpc radius cylinders of decreasing
height. The star particles considered for this procedure have
been chosen to have ages 6 3 Gyr. In this way we i) take into
account only the coldest component of the stellar disk and
ii) we minimize contamination from the spheroidal (older)
stellar component.
Following G13, to obtain a map of the mass-weighted
mean height, 〈Z〉, we grid the disk with a regular Cartesian
mesh of bin size = 0.5 kpc aligned with the X-Y plane. On
each grid node we centre a 1 kpc radius cylinder of 10 kpc
height and compute the mass-weighted 〈Z〉. The top panel
of Figure 1 shows such a map out to R = 20 kpc. The
outer galactic disk shows a strong and well-defined vertical
pattern that becomes noticeable at R & 12 kpc. The inner
galactic regions appear unperturbed. Rather than a set of
perfect concentric rings, the vertical pattern shows a spiral
morphology that winds into the inner regions with its ampli-
tude gradually decreasing. Note as well, the antisymmetric
shape of the vertical pattern about the galactic centre. The
bottom panel of Figure 1 shows a map of the mass-weighted
mean vertical velocity of the galactic disk, 〈vz〉. The vertical
pattern is also very clear in the 〈vz〉 map. The amplitude
of this perturbation is very large, especially in the outer
region of the disk, where 〈vz〉 ≈ 65 km/s. There is a sig-
nificant anti-correlation with respect to the 〈Z〉 map. This
can be more clearly seen in Figure 2, where we show 〈Z〉
(red lines) and 〈vz〉 (green lines) as a function of galactocen-
tric radius along two pairs of diametrically opposed galactic
longitudes. In this figure we observe a near-antisymmetric
behaviour along these diametrically opposed lines in both
〈Z〉 and 〈vz〉. This figure also shows a very clear oscillatory
behaviour. At galactocentric radii where 〈Z〉 is extremal,
〈vz〉 ≈ 0 km/s, whereas when 〈vz〉 is extremal, 〈Z〉 ≈ 0 kpc.
In Figure 3 we show the time evolution of the vertical
disk structure over a period of ∼ 3 Gyr. The onset of the
perturbation is at a lookback time 2.5 < tonsetlook . 3 Gyr
(see e.g. top second panel). The pattern is long-lived and
coherent after this time. The vertical perturbation initially
has the morphology expected for a typical (m = 1) warp.
As time goes by, the pattern slowly winds up to give rise to
the spiral shape observed at the present day.
It is interesting to notice the small azimuthal displace-
ment of the vertical pattern between consecutive snapshots.
First of all, note that at R = 12 kpc, the radius at which the
vertical pattern becomes noticeable, the azimuthal period of
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Figure 2. Red lines show the variation of the mass-weighted
mean height of the disk, 〈Z〉, as a function of galactocentric ra-
dius along two pairs of diametrically opposed galactic longitudes.
The solid line indicates the value of 〈Z〉 along the positive X, Y= 0
kpc (top panel) and positive Y, X=0 kpc (bottom panel) direc-
tions. The dashed line shows the results obtained in the opposite
directions, 180◦ away. The green lines show the same results for
mass-weighted mean vertical velocity, 〈vz〉. In the bottom panel,
the axis range for 〈Z〉 (〈vz〉) has been scaled up (down) by a factor
of 2 to account for the change in the phase of the vertical pattern
as a function of galactocentric longitude. Note the specular be-
haviour presented by both 〈Z〉 and 〈vz〉 along these two pairs of
galactocentric lines of sight. Note as well the very clear oscillatory
behaviour presented by this wave.
a star particle on a perfect circular orbit is Tφ = 2pi/Ω =
2piR/Vcirc(R) = 0.303 Gyr. Here Ω is the circular frequency
at the given R. This period coincides almost perfectly with
the time between consecutive snapshots, tsnap = 0.309 Gyr.
Thus, the small azimuthal evolution of the pattern indicates
similar values for the star particle’s angular and vertical
frequencies in the outer regions of the disk. For example,
assuming a spherical dark matter halo, in the disk’s outer
regions where its mass can be regarded as negligible, the
circular, Ω, and vertical, ν, frequencies are expected to be
equal (Binney & Tremaine 2008). In a more general flat-
tened potential, ν > Ω. To estimate a star particle’s vertical
c© 2015 RAS, MNRAS 000, 1–16
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Figure 3. Time evolution of the vertical structure of the disk over a period of ∼ 3 Gyr. Each panel shows a map of mass-weighted
〈Z〉 at different times. The colours and the relief indicate different values of 〈Z〉 in kpc. The onset-time of the vertical perturbation is
2.5 / tonsetlook / 2.8 Gyr. The pattern is long-lived and coherent at later times. In this projection the galactic disk rotates counterclockwise.
period, let us assume locally a uniform density disk. In such
a case, it can be shown that Tz = 2pi/ν = 2pi/(4piGρ0)
1/2,
where ρ0 is the total local density. At R = 12 kpc we find
Tz = 0.284 Gyr, a very similar value to Tφ, as expected. For
R > 16 kpc we find Tφ ≈ Tz.
In spite of these similar angular and vertical frequen-
cies, it is clear from Figure 3 that the initial m = 1 pattern
winds up significantly over a period of ∼ 2 Gyr. In agree-
ment with the empirically derived rules of Briggs (1990), an
initial warp gets distorted into a leading spiral pattern. The
reason for this has been explained in great detail by Shen &
Sellwood (2006, hereafter, SS06). In this work, an initially
relaxed disk is subjected to the torque of a massive outer
torus, introduced to emulate the effect of a misaligned outer
DM halo. The resulting torque causes the disk to precess
retrograde at a rate that is proportional to galactocentric
distance, i.e. wdmp ∝ r. Because of the disk’s self-gravity the
inner disk, which is strongly cohesive, precesses slowly as
a whole in a retrograde manner about the symmetry axis
of the torus, while the outer disk precesses more rapidly
generating a warp. The developing misalignment between
the inner and outer disk causes the particles in the outer
disk to feel an additional torque from the massive inner
disk. SS06 showed that the inner disk’s torque also causes
the outer disk to precess retrograde. However, it does so
at a rate that decreases with galactocentric distance, i.e.
widp ∝ r−4. In isolation (i.e., neglecting the torque from the
massive outer torus), the precession rate associated with the
inner disk’s torque would induce the formation of a leading
spiral pattern. Thus, the orientation of the resulting spiral
pattern (leading or trailing) depends on the relative mag-
nitudes of the two torques1. In our simulation the m = 1
pattern rapidly starts to wind up into a leading spiral. This
1 A trailing spiral pattern is obtained if the torque from the mas-
sive outer torus dominates over that from the inner disk.
indicates that the torque induced by the inner disk starts to
dominate right after the pattern has been excited. We will
show that this is indeed the case in Section 4.3.
The 〈Z〉 maps reveal that, at the present day, the ver-
tical pattern spans a very large range in galactic longitude.
(see Figure 1). For example, the arm above the mid-plane
covers 6 180◦ in galactic longitude, which is reminiscent of
the Mon ring. We further explore this in Figure 4, where we
show maps of star particle counts in Galactic coordinates
centred on the galactic anticenter. For this analysis we have
selected star particles with ages younger than 5 Gyr. This
allows us to avoid significant contamination from the stellar
halo and the bulge. In addition, as we will show later in Sec-
tion 4.2, the vertical pattern is significantly better defined
on this population of star particles. We chose the Sun’s lo-
cation at (X,Y, Z) = (0,−8, 0) kpc. This particular choice
is arbitrary and serves to enhance the similarities between
our models and the observed morphology of the Mon ring.
We divide the star particles into three three heliocentric dis-
tance bins in order to emulate the distance ranges covered
by the three magnitude slices considered by S14:
• Near – 3.8 < dhelio < 7.8 kpc
• Mid – 5.5 < dhelio < 13.8 kpc
• Far – 11.5 < dhelio < 24 kpc
Note that, to emulate the distance smearing due to the
magnitude spread of the MSTO stars, we allow the distance
cuts to overlap slightly. Many similarities between our mock
data set and the Mon ring, as presented in Figure 4 of S14,
are found. First and foremost, material from the galactic
disk can be found at galactic latitudes as large as 30◦ in
both the north and the south. This is true even for the far
slice, revealing that the disk has been perturbed to very
large heights in its outer parts. Clear arcs of stellar mate-
rial are visible at various galactic longitudes, especially in
the central range. These feature are reminiscent of the arcs
seen in Figure 3 of S14 (features A, B and C). The arcs are
c© 2015 RAS, MNRAS 000, 1–16
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also noticeable at the farthest distances, particularly on the
north side of the disk. While in the near range the perturbed
disk is dominated by material in the south, the north side
of the disk becomes more prominent in the middle range,
with the same general morphology as nearby. Most of these
similarities are not reproduced by previous simulations that
attempted to model the Mon ring either as tidal debris from
a disrupting satellite or as a vertically perturbed pre-existing
galactic disk (e.g., S14).
4 THE PERTURBER AND ITS
PERTURBATIONS
In the previous section we have shown that our fully cosmo-
logical model of a Milky Way-like disk shows a well defined
and strong vertical pattern that can reproduce many of the
features associated with the Mon ring. In this Section we ex-
plore which agents are responsible for the excitation of this
vertical pattern.
As previously discussed in Section 1, vertical bulk mo-
tions on a disk can arise as a result of the global stel-
lar response to spiral structure or a bar (Faure, Siebert &
Famaey 2014; Debattista 2014; Monari, Famaey & Siebert
2015). The vertical motions induced by such mechanisms are
compressive (towards the mid-plane) and rarefactive (away
from the mid-plane). As a consequence, these perturbations,
known as breathing modes, cannot explain the vertical os-
cillation of the disk’s midplane either in the Milky Way or
in our simulation. (Widrow et al. 2012; Yanny & Gardner
2013; Xu et al. 2015; Price-Whelan et al. 2015).
This oscillatory behavior, usually described as a bend-
ing mode, is likely to be excited by some external perturba-
tion, such as a misaligned outer DM halo or the accretion of
cold gas or infalling satellites (e.g. Ostriker & Binney 1989;
Quinn, Hernquist & Fullagar 1993; Debattista & Sellwood
1999; Jiang & Binney 1999; Velazquez & White 1999; Shen
& Sellwood 2006; DeBuhr, Ma & White 2012). Note that
satellites passing through the plane of the disk can excite
both bending and breathing modes (Widrow et al. 2014).
Which modes dominate in such a scenario depends strongly
on the relative velocity of the satellite with respect to the
galactic disk.
4.1 A putative perturbing satellite
We start by exploring which satellite might induce such a
bending mode in our Milky Way-like disk. In the top panel
of Figure 5 we show the time evolution of the tidal force
exerted on the host by the 20 most massive satellites as a
function of time. Points are colour coded according to the
mass of each satellite at the corresponding time. Motivated
by Figure 3, where we identify the onset of the perturbation
as 2.5 < tonsetlook . 3 Gyr, we focus our analysis on the time
period 1 < tlook < 4 Gyr. It is evident from this top panel
that there is only one plausible perturber interacting with
the disk at t ≈ tonsetlook . This satellite has a total mass at in-
fall Msat ≈ 4× 1010 M and pericentre radius of rperi ≈ 80
kpc. This is shown in the middle panel of Figure 5, where
we plot the simulated galactocentric distance of each satel-
lite at different times. The pericentre passage takes place
at tlook ≈ 2.7 Gyr. The other massive satellites during this
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Figure 5. Top panel: Tidal force exerted on the host by the 20
most massive satellites as a function of time. Points are colour
coded according to the mass of each satellite at the correspond-
ing time. Middle panel: Galactocentric distance of the 20 most
massive satellites as a function of time. Bottom panel: As above,
but for Galactocentric velocity. The most significant perturber
during this period is indicated by thicker points. Note that this
satellite has a low-velocity encounter with the host at tlook ≈ 2.7
Gyr.
3 Gyr time span are either too low-mass (Msat < 10
9M)
or have pericentre passages at distances larger or similar to
that of our candidate. The bottom panel of Figure 5 shows
the time evolution of the galactocentric velocity of the same
satellite subset. The velocity at pericentre of the perturbing
satellite is ∼ 215 km s−1.
Note that the configuration of this disk-satellite inter-
action differs significantly from those considered in previous
studies, where the satellites repeatedly plunge through the
galactic plane. In fact, it is very unlikely that this satellite’s
tidal field alone could account for the observed strong ver-
tical pattern (see Section 4.3). Instead, this interaction can
be described as a low-velocity fly-by that crosses the plane
of the disk at a relatively large galactocentric distance. In-
terestingly, as discussed in detail by Vesperini & Weinberg
(2000), a low-mass, low-velocity fly-by that penetrates the
outer regions of a galaxy can generate asymmetric features
in the host DM halo density field. These perturbations can
c© 2015 RAS, MNRAS 000, 1–16
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Figure 4. Maps of star particle counts in Galactic coordinates for a reference system centred at (X,Y, Z) = (0,−8, 0) kpc. The centre
of each map points towards the Galactic anticentre. The right and bottom left panels show maps for for particles at different heliocentric
distances. The ranges covered are 3.8 < dhelio < 7.8 kpc (bottom left), 5.5 < dhelio < 13.8 kpc (top right) and 11.5 < dhelio < 24 kpc
(bottom right). The observational data from PS1 are shown at the top left. Note that the different distance cuts overlap slightly to
emulate the distance smearing due to the magnitude spread of MSTO stars.
be efficiently transmitted to the inner parts of the primary
system affecting the deeply embedded galactic disk. Further-
more, the excited modes are expected to be weakly damped,
thus persisting well after the satellite’s pericentric passage.
We will explore whether this mechanism is acting in our host
galaxy in Section 4.4.
4.2 Time evolution of the host’s baryonic
component
In Figure 6 we follow the time evolution of the star compo-
nent from tlook = 3.4 Gyr to tlook = 1.2 Gyr. These panels
display the stellar mass distribution within a 80 kpc cube in
two orthogonal projections that are kept fixed in time and
were chosen such that at tlook = 1.5 Gyr the disk is shown
both face-on and edge-on. As in M14, the images were con-
structed by mapping the K-, B- and U-band luminosities to
the red, green and blue channels of a full colour compos-
ite image. Young stellar populations hence appear blue, old
stellar components appear red. In all panels the same loga-
rithmic mapping of stellar luminosity to image intensity is
used. Note the evolution of the stellar disk’s morphology,
as inferred from its stellar luminosity. As discussed by M14,
during and after the satellite’s closest approach, the star for-
mation is affected in disks and is restricted to a narrow inner
ring. This changes the appearance of the disk. As time goes
by, the stellar disk tilts significantly.
The dots in Figure 7 show the time evolution of the stel-
lar disk’s angular momentum orientation with respect to its
initial orientation at tlook = 3.7 Gyr. To compute the orien-
tation we select, at tlook = 3.7 Gyr, all the star particles that
are younger than 5 Gyr. These same star particles are used
to compute the angular momentum vector at later times.
Different criteria defining the angular momentum vector at
each snapshot do not affect our results. During the fly-by
the host stellar disk tilts by an angle of ≈ 35◦. This shift
in the angular momentum takes place over a ∼ 2 Gyr time
period. Note that similar changes of the orientation of disk
angular momentum vector have been previously measured in
hydrodynamical simulations of Milky Way-like galaxies (e.g.
DeBuhr, Ma & White 2012; Aumer & White 2013; Yurin &
Springel 2014), where they are often not due to satellite ef-
fects.
As shown by Scannapieco et al. (2009), a misalignment
between the cold gas disk and the stellar disk can destabi-
lize the system, triggering significant perturbations that can
even destroy a pre-existing stellar disk. The filled triangles
in Figure 7 show the time evolution of the angle between
the two disks. They remain well aligned throughout the rel-
evant period of time. This suggests that this mechanism is
not playing a role in exciting of the disk’s vertical pertur-
bation. Our results are in good agreement with those pre-
sented by Scannapieco et al. (2009), where the same system
was studied using a different hydrodynamical technique.
Rosˇkar et al. (2010, hereafter R10) presented a pos-
sible mechanism for the formation of outer galactic warps
based on the misalignment between inner stellar disk and
the surrounding hot gas halo. As discussed by R10, cold gas
c© 2015 RAS, MNRAS 000, 1–16
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Figure 6. Time evolution of the projected stellar density within a cube with side length of 80 kpc. The panels display the stellar mass
distribution in two orthogonal projections that are kept fixed in time and were chosen such that at tlook = 1.5 Gyr the disk is seen face-on
and edge-on. The arrows point towards the location of the perturber identified in Section 4.1. Images were constructed by mapping the
K-, B- and U-band luminosities to the red, green and blue channels of a full colour composite image. The same logarithmic mapping of
stellar luminosity to image intensity is used in all panels. Note the tilt of the stellar disk during this period of time.
infalling onto a pre-existing disk can be strongly torqued
by the surrounding hot gas halo. By the time the cold gas
reaches the star forming regions of the disk, its angular mo-
mentum is aligned with that of the hot gas. If the spin of
the hot gas halo is not aligned with that of the inner disk,
a misaligned outer disk forms composed of newly accreted
material. The main characteristic of this mechanism is that
it does not involve significant warping of the pre-existing
disk. The outer stellar warp is heavily dominated by newly
formed stars. In their simulations, old stars in these outer
regions can also be seen at large distances from the midplane
but their morphology is that of a thickened population. If
this mechanism is playing a role in our system, the 〈Z〉 of
the old population should lie close to 0 kpc at all radii. The
left panel of Figure 8 shows the 〈Z〉 map of star particles
that, at tlook = 1.55 Gyr, have ages 3 < Age < 5.5 Gyr.
For comparison, the right panel shows the 〈Z〉 map of the
star particles that, at this time, have an age < 3 Gyr. It
is clear that both sets of star particles exhibit nearly the
same vertical perturbation. This indicates that the mecha-
nism introduced by R10 is not playing a significant role in
our system.
In Figure 9 we dissect our present day galactic disk by
selecting star particles that were born within different 2 Gyr
time intervals. Each panel shows the 〈Z〉 map obtained from
a different subset of star particles. As expected from our pre-
c© 2015 RAS, MNRAS 000, 1–16
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Figure 7. The solid dots indicate the time evolution of the disk’s
angular momentum vector with respect to its initial orientation
at tlook = 3.7 Gyr. During this period the disk tilts a total of
≈ 35◦. The solid triangles indicate the time evolution of the mis-
alignment between the stellar and the cold gas disks. Note that
at all times these two galactic components are very well aligned
with each other. In both cases, the colour coding indicates the
galactocentric distance of the satellite galaxy introduced in Sec-
tion 4.1.
vious discussion, star particles younger than 2.5 Gyr show
no sign of vertical perturbations. These stars are born after
the onset of the observed vertical pattern (2.5 < tonsetlook < 3
Gyr) and within the inner . 12 kpc; a region where the disk
has not been vertically perturbed. Interestingly, the verti-
cal pattern is best resolved when considering star particles
within the age range 2.5 < Age 6 4.5 Gyr. Recall that this
time interval approximately corresponds with tonsetlook as well
as with the most significant perturber pericentre passage.
When considering older subsets of star particles we find that
the vertical pattern gradually degrades until it almost dis-
appears for star particles older than 7 Gyr.
The relationship between the age of star particles and
the vertical structure of the disk can be understood from
Figure 10. Here we show the mass-weighted vertical disper-
sion, σZ, for subsets of star particles binned by age. This
quantity provides a measure of disk scale-height as a func-
tion of galactocentric radius. The present day age of the
star particles within each bin is indicated in the top left
corner of the figure. The solid lines show σZ for disk stars
selected at tlook = 2.5 Gyr. In other words, the stellar age
bin 2.5 < Age . 4.5 Gyr corresponds to star particles that,
at tlook = 2.5 Gyr, were born during the last 2 Gyr. This
recently born population exhibits a very cold distribution,
with values of σZ < 0.7 kpc within the inner 8 kpc. Note that
the contiguous stellar age bin, with ages < 5.5 Gyr, shows
nearly the same value of σz at all radii. This indicates that
the disk has not suffered any violent heating episodes dur-
ing this period. For older stellar populations, the value of
σZ increases systematically at all radii, indicating heating of
the disk either by secular evolution or by tidal interactions
with other satellite galaxies. The dashed lines show, for the
same subset of stellar particles, the present day value of σZ.
It is evident that, for R > 12 kpc, the younger stellar popu-
lations have been strongly vertically heated during the last
∼ 2.5 Gyr. The older age bins are composed of stellar pop-
ulations that, at tlook = 2.5 Gyr, were progressively hotter
with increasing age. Thus, they are less susceptible to fur-
ther heating than their younger counterparts. Note that the
hotter the population was at tonsetlook , the faster the vertical
pattern mixes.
Figure 8. Map of the mass-weighted 〈Z〉 for the simulated galac-
tic disk at tlook = 1.55 Gyr. The right panel shows the 〈Z〉 maps
for the youngest star particles (Age < 3 Gyr at tlook = 1.55 Gyr),
whereas in the left panel only older stars are considered (3 < Age
< 5.5 Gyr at tlook = 1.55 Gyr). Note that the two sets of star par-
ticles show almost identical vertical patterns, indicating a global
response of the pre-existing disk.
4.3 Where is the torque coming from?
We now characterize the source of the external perturbation
that, at t = tonsetlook , is exerted on the galactic disk and induces
the observed vertical pattern. As previously discussed, the
required torque could arise from a misaligned DM halo with
respect to the disk or a close encounter with a companion
galaxy.
To explore whether there is a significant misalignment
between the disk and the DM halo we compute, at every
snapshot time, the DM halo inertia tensor,
Mα,β = 1
M
Np∑
i=1
miri,αri,β , (1)
considering particles located within different spherical shells.
Here Np indicates the total number of particles within each
shell. Four different shells, defined as 0 < r < 10 kpc,
10 < r < 25 kpc, 25 < r < 50 kpc and 50 < r < 80
kpc are selected in order to characterize separately the be-
haviour of the DM halo’s inner and outer regions. We will
refer to them as dm(a, b), where a and b indicate the lower
and upper radial limits of each shell. Once these tensors are
computed they can be diagonalized to obtain the directions
of the principal axes and their relative strengths.
In Figure 11 we show, with solid dots, the time evolution
of the angle between the angular momentum of the galactic
disk2 and the semi-minor axis of the innermost DM shell,
i.e., dm(0, 10). The colour coding indicates the galactocen-
tric distance of the satellite galaxy identified in Section 4.1.
We find that the inner DM halo and the galactic disk are
very well aligned at all times. The open squares show the
time evolution of the angle between the semi-minor axes of
the two innermost DM shells, dm(0, 10)− dm(10, 25). Note
that these two shells are also very well aligned at all times.
As we move into the outer regions of the DM halo, a mis-
alignment becomes noticeable. The open triangles and dia-
monds show the angles between dm(0, 10)− dm(25, 50) and
dm(0, 10)−dm(50, 80), respectively. Note that the two outer
2 Using the inertia tensor of the disk to determine its orientation
yields the same results.
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Figure 9. present day mass-weighted 〈Z〉 maps obtained from subsets of star particles born within various 2 Gyr time intervals, as
indicated on top of each panel. The vertical pattern is best resolved when considering star particles in the age range 2.5 < Age 6 4.5
Gyr.
DM shells are also misaligned with respect to each other.
The outermost shell shows the largest misalignments. Our
results are in very good agreement with previous studies
(e.g. Bailin et al. 2005; DeBuhr, Ma & White 2012; Aumer
& White 2013). Using cosmological hydrodynamical simula-
tions, Bailin et al. (2005) find that, while the inner regions
of DM halos, r < 0.1Rvir, are well aligned with the disk, the
outer regions are unaffected by the disk’s presence and are
often differently oriented. In our simulations, 0.1Rvir ≈ 24
kpc.
For the shell dm(25, 50) the misalignment with the in-
ner shell, dm(0, 10), decreases as the satellite approaches.
It reaches a minimum value before the satellite’s pericen-
tre passage and then it remains approximately constant
until tlook = 1 Gyr. A similar behaviour is observed for
dm(50, 80), although the misalignment stops decreasing just
after pericentre. In contrast, we find that, at all times, these
four DM shells are very well aligned along their semi-major
axes.
From the previous analysis it remains unclear whether
the misalignment along the semi-minor axis of the outer DM
halo could be the main driver of the disk’s vertical pattern.
Recall that the vertical pattern has a relatively sudden on-
set at t = tonsetlook . As previously discussed, the DM shell
dm(25, 50) reaches a constant orientation with respect to
the inner halo prior to this onset. In fact, the misalignment
is largest before the onset. The outermost shell, dm(50, 80),
seems too distant to exert a torque that could vertically
perturb the disk.
To clearly identify the main torquing source we compute
the time evolution of the torque exerted by the previously
defined DM shells on a given ring of disk particles. In addi-
tion, to use as a normalization, we compute the net torque
exerted by all DM halo particles within r < 80 kpc.
We focus our attention on the ring of disk particles lo-
cated within 14 < r < 15 kpc since, at this galactocentric
radius, the vertical pattern can be clearly observed at all
times (after t = tonsetlook ). In order to isolate the torque exerted
by the DM particles contained in each individual shell, we
proceed as follows. First, at every simulation snapshot, disk
particles within 14 < r < 15 kpc are selected. By computing
and diagonalizing the mass tensor associated with this parti-
cle subset, we obtain the orientation of the ring with respect
to an inertial frame. The whole system is rotated such that
the ring’s plane is aligned with the X-Y plane. Subsequently,
a set of 2000 test particles3 are uniformly azimuthally dis-
tributed at r = 14.5 kpc. A mass mi = Mring/2000 is as-
signed to each test particle. Here Mring represents the disk
stellar mass enclosed within the ring. Finally, the resulting
torque on the ring is computed as
τ shelldm =
2000∑
i=1
ri × Fshelli , (2)
where ri represents the galactocentric distance to each test
particle and
Fshelli =
Nshell∑
j=1
Fij . (3)
Here, Nshell represents the number of DM particles enclosed
within a given spherical shell. Note that since we are only
interested in identifying the torque responsible for the ring’s
tilting, from now on we will focus on the torque’s component
perpendicular to the ring’s angular momentum (i.e., in the
X-Y plane; the Z-component of the torque only affects the
magnitude of the angular momentum).
The black dots in the top panel of Figure 12 show the
time evolution of the torque associated with the overall DM
halo within 80 kpc, dm(0-80). This figure clearly reveals that
the torque increases rapidly from tlook ≈ 4.5 Gyr, where it
is almost vanishing, to tlook ≈ 2.7 Gyr, where its magni-
tude peaks. Interestingly, this time not only coincides with
the onset of the vertical pattern, t = tonsetlook , but also with
the satellite pericentre passage, as indicated by the verti-
cal dashed line. After the torque reaches its maximum, it
slowly decays again over a period of 2 Gyr to small val-
ues. Note that this behaviour does not correlate with the
time evolution of the DM halo misalignment, at least within
the inner 50 kpc. As previously discussed, the two inner-
most DM shells, dm(0-10) and dm(10-25), remain very well
aligned, at least, until tlook = 2 Gyr. In fact, the shell dm(10-
25) becomes slightly more misaligned at late times, where
we observe the intensity of DM torque to continue its de-
cay. The misalignment of the DM shell dm(25-50) ceases to
evolve before the pericentre passage, remaining constant for
the rest of this period.
To further explore this we show, with differently colored
symbols, the contribution to the total DM torque from each
3 The number of test particle is chosen such that convergence is
found in our results.
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Figure 10. Mass-weighted vertical dispersion, σZ, for subsets of
star particles selected within various 2 Gyr age bins, as indicated
by the legend. The dashed lines show the present day σZ as a
function of radius for each subset. The solid lines show the radial
dependence σZ for the same subsets of particles, but now 2.5 Gyr
ago.
shell. The red squares show the time evolution of the torque
associated with the inner DM shell, dm(0-10). Clearly, this
part of the DM halo exerts a negligible torque on the ring.
The torque exerted by the outer DM shell dm(50-80), indi-
cated with blue diamonds, is also negligible. The green dots
show the torque associated with dm(25-50). We find that
this shell contributes ∼ 20% of the total DM torque. Its
evolution follows that of the overall DM halo torque, and
is uncorrelated with the time evolution of this shell’s mis-
alignment. As shown by the magenta dots, ≈ 70% of the DM
torque is coming from the inner shell dm(10-25), a shell that
is well aligned with the disk and the inner halo during this
period. The bottom panel of Figure 12 compares the time
evolution of the DM halo torque with that due to the satel-
lite itself. As before, the dots show the torque exerted by the
overall DM halo. The colour coding indicates the satellite’s
galactocentric distance. The black solid squares shows the
torque exerted by the satellite4. Note that the time evolu-
tion of these two is well correlated, peaking at the satellite’s
pericentre passage in both cases. However, in this panel the
satellite’s torque has been scaled up by a factor of 40 to
allow a direct comparison.
These results show that the torque exerted on the galac-
tic disk is driven mainly by the response of the DM halo to
the satellite’s fly-by, rather than to a halo - disk misalign-
ment or to the satellite itself. In other words, the DM halo
is acting as an amplifier of the satellite’s perturbation. This
type of halo - satellite interaction has been studied in the
past by several authors. In particular, Vesperini & Wein-
berg (2000) showed that a low–mass, low–velocity fly-by can
cause significant distortions in its host halo that can subse-
quently perturb an embedded stellar disk. In what follows
we explore whether this perturbation, known as a DM halo
wake, is indeed present in our system.
4.4 Dark matter halo wake
In the previous Section we have shown that a ring of disk
particles, at R = 14.5 kpc, is subject to a strong and
4 The torque associated with the gaseous galactic component is
negligible at all times.
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Figure 11. The solid dots indicate the time evolution of the
angle between the inner disk and the semi-minor axis of the inner
DM halo, i.e. dm(0-10). Open symbols show the time evolution of
the angle between the semi-minor axes of different DM shells, as
indicated in the legend, In all cases, the colour coding indicates
the galactocentric distance of the perturber.
transient torque that plausibly induces the disk’s vertical
pattern. The driving force behind this torque is the DM
halo, especially its inner regions. More than & 70% of the
torque comes from the DM distribution in 10 < R < 25
kpc, whereas the DM halo particles outside R > 50 kpc
have a negligible effect. We have also shown that this tran-
sient torque is not correlated with a misalignment between
the disk angular momentum vector and the corresponding
spherical DM halo shell. Instead, we find its behaviour to
be strongly correlated with the orbital phase of the fly-by
encounter. The DM halo torque peaks exactly at the satel-
lite’s pericentre, simultaneously with the torque exerted by
the satellite itself.
Our results suggest that the DM halo is acting as an am-
plifier of the perturbation exerted by the satellite, increasing
its magnitude by a factor of ∼ 40. It has been long known
that a satellite galaxy orbiting its host can induce strong dis-
tortions on the host’s DM halo density field. The response
of the DM halo to the satellite perturbation is commonly
described as a wake and is governed by resonant dynamics
(see Choi 2007, for a detailed and clear review). Resonances
between the orbital frequencies of a satellite galaxy and the
host halo can induce an exchange of energy and angular mo-
mentum. For simplicity, let us assume a satellite orbiting on
a circular orbit about a spherically symmetric non-rotating
host. A resonance in such system is defined as
mΩsat = l1Ω1 + l2Ω2 + l3Ω3. (4)
Here Ω1 and Ω2 are the radial and azimuthal orbital fre-
quencies of a dark matter particle, Ω3 the frequency of the
azimuth of the ascending node and l1, l2, l3 and m are integer
numbers. In a host as defined above Ω3 = 0 and |l2| 6 l = m.
The quantity l specifies the order of the resonance. In gen-
eral, the strongest resonances are those associated with cor-
rotation, i.e., l2 = m, l1 = 0. Furthermore, the power of a
resonance decays as ∝ 1/rl, where r is the distance from the
satellite (e.g. Weinberg 1989). Thus, the lower the order of
the resonance, the stronger the response. The most relevant
resonances are the dipole, l = m = 1 and the quadrupole,
l = m = 2. The resulting wake on the DM overdensity field
can be thought of as the superposition of different modes ex-
cited by the resonant interaction between the DM halo and
the orbiting satellite. Interestingly Weinberg (1994) showed
that the lower order modes, especially l = m = 1, are very
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Figure 12. Top panel: Time evolution of the torque exerted on
the disk’s fraction located within 14 6 R 6 15 kpc. The different
symbols indicate the torque associated with four different spher-
ical shells of DM, as indicated in the legend. In addition, the
overall torque exerted by all DM particles within 80 kpc is also
shown. The vertical dashed line indicates the fly-by pericentre
passage time. Bottom panel: Comparison between the time evo-
lution of the torque exerted by the overall DM halo within 80 kpc
and that exerted by the perturbing satellite. The colour coding
indicates the satellite’s galactocentric distance. To allow a direct
comparison, the magnitude of the torque exerted by the satellite
has been multiplied by a factor of 40.
weakly damped and thus, such modes can persist for long
periods of time (see also Ideta 2002). The perturbation in-
duced on the DM halo during the interaction can be effi-
ciently transmitted to the inner regions of the halo, where it
can affect the structure of an embedded stellar disk (Wein-
berg 1995, 1998; Vesperini & Weinberg 2000).
Vesperini & Weinberg (2000, hereafter VW00) studied
the response of a DM halo to a fly-by encounter. This study
showed that even an unbound satellite that penetrates the
outer regions of a host’s DM halo can lead to strong asym-
metries in the inner regions of the host. The strength of the
response depends on both the velocity of the satellite and
its pericentre distance. Low velocity and close encounters
induce stronger perturbations. For example, a satellite with
a mass Msat = 0.05 Mhost, and a pericentric velocity and
distance of 200 km/s and 54 kpc respectively, can induce
a perturbation with an energy that is comparable to the
total (background) energy of a MW-like host. The peak of
the response occurs after the satellite pericentre passage and
decays slowly thanks to the weakly damped modes.
The configuration studied by VW00 is similar to the
fly-by discussed in Section 4. In what follows, we explore
whether this fly-by induces an overdense wake in the host
DM halo. Identifying such a wake in a fully cosmological
triaxial DM halo is not a trivial task. Because of its under-
lying triaxial structure, an overdensity pattern relative to a
spheroid or axisymmetric “mean” DM halo is expected, even
without an external perturbation. Furthermore, noise asso-
ciated with numerical resolution could significantly affect
the structure of any induced wake (Choi 2007). Fortunately,
the particle resolution in our host DM halo (Ndm ≈ 6×106)
is large enough to resolve the important resonances, at least
within the relevant radial range (i.e. R & 5 kpc, Choi 2007;
Weinberg & Katz 2007).
As previously discussed, the strongest l = m = 1 reso-
nance corresponds to a dipolar response of the DM density
field which should dominate the morphology of the wake.
Note however that higher modes modify the structure so
that it differs from a perfect dipole. The dipolar response of
the halo density field can be thought of as a displacement
of its center of mass with respect to the center of density
or central cusp (e.g. White 1983; Weinberg 1989). The dis-
tribution of such asymmetries in the inner regions of dark
halos, and their correlation to the accretion of external mate-
rial, have been identified and characterized in detail by Gao
& White (2006) using the Millennium Simulation (Springel
et al. 2005).
To identify such dipolar structure in our host DM halo,
we define a system of reference based on the phase-space
coordinates of the host’s most bound DM particle (see, e.g.,
Gao & White 2006; Choi 2007). We then obtain a DM over-
density, field as follows:
• We generate a three dimensional grid in polar coor-
dinates, centred on the bottom of the system’s potential
well. The spacing between the grid elements is defined as
[∆θ,∆φ,∆r] = [pi/20, pi/20, 1], where ∆r is in kpc. Here θ
and φ represent galactocentric latitude and longitude, re-
spectively.
• For every grid point, we select all DM particles located
within a sphere of radius rsp = 3r sin(∆φ/2) and compute a
local DM density, ρloc(θ, φ, r). The radius of each sphere is
allowed to increase with galactocentric radius to account for
the uniformly spaced grid in polar coordinates. In addition,
it serves to smooth out noise due to particle resolution, thus
enhancing plausible global overdensity features.
• For every grid point at a given distance r, we also select
all DM particles within a galactocentric spherical shell de-
fined as r ± rsp, and compute a spherical averaged density,
〈ρ〉|r.
• Finally, an overdensity field, ρˆ(θ, φ, r), is obtained as
ρˆ(θ, φ, r) =
ρloc(θ, φ, r)− 〈ρ〉|r
〈ρ〉|r . (5)
The top panels of Figure 13 show overdensity maps
obtained 1 Gyr prior to the satellite’s pericentre passage
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Cosmological vertical waves 13
0 90 180 270
−90
−45
0
45
R =  10 [kpc]
Longitude (φ) [deg]
La
tit
ud
e 
(θ)
 [d
eg
]
0 90 180 270
R =  13 [kpc]
Longitude (φ) [deg]
0 90 180 270
R =  16 [kpc]
Longitude (φ) [deg]
 
 
−1
−0.5
0
0.5
1
0 90 180 270
−90
−45
0
45
Longitude (φ) [deg]
La
tit
ud
e 
(θ)
 [d
eg
]
0 90 180 270
Longitude (φ) [deg]
0 90 180 270
Longitude (φ) [deg]
 
 
−0.1
−0.05
0
0.05
0.1
0 90 180 270
−90
−45
0
45
Longitude (φ) [deg]
La
tit
ud
e 
(θ)
 [d
eg
]
0 90 180 270
Longitude (φ) [deg]
0 90 180 270
Longitude (φ) [deg]
 
 
−0.1
−0.05
0
0.05
0.1
Figure 13. Top panels: Overdensity maps, ρˆ, obtained from three spherical shells centred at different galactocentric distances. The maps
are computed ≈ 1 Gyr prior the satellite’s pericentre passage (tlook ≈ 3.7 Gyr) and oriented with respect to the direction of the shell’s
principal axes. The triaxial shape of the DM halo can be clearly appreciated in these maps, with the semi major, intermediate and minor
axis pointing in the directions (θ, φ) = (0, 180◦), (0, 90◦) and (90◦, 0), respectively. Middle panels: Overdensity maps, ρˆdipole, obtained
after i) rotating ρˆ by 180◦ in φ, ii) flipping the resulting maps about θ = 0◦, and iii) subtracting the resulting rotated maps from
ρˆ. As above, maps are obtained at (tlook ≈ 3.7 Gyr). The goal of this procedure is to erase quadrupolar features while enhancing any
plausible underlying dipole associated with the DM halo wake. Bottom panels: As in middle panels for the snapshot just after the satellite
pericentre passage (tlook ≈ 2.5 Gyr). Note the strong dipolar signature at this time. Middle and bottom maps have been re-oriented such
that the θ = 0◦ plane is perpendicular to the inner stellar disk angular momentum vector.
(tlook ≈ 3.7 Gyr) at three different galactocentric distances.
Since our DM halo is triaxial, we have oriented the maps
with respect to the direction of the shell’s principal axes.
This orientation is derived from equation (1) considering
only DM particles enclosed within the corresponding shell.
The triaxial shape of this halo can be clearly appreciated
in these maps, with the semi major, intermediate and minor
axis pointing in the directions (θ, φ) = (0, 180◦), (0, 90◦) and
(90◦, 0), respectively. To explore whether a dipolar mode is
concealed by the triaxial shape of the halo we first rotate
each map by 180◦ in φ, then flip the resulting maps about
θ = 0◦, and finally compute
ρˆdipole = (ρˆ− ρˆ180rot )/2. (6)
The result of this procedure is to erase quadrupolar features
while enhancing any plausible underlying dipole associated
with the DM halo wake5. The second row of panels shows
ρˆdipole at the same time as above. These maps have been re-
oriented such that the θ = 0 plane is perpendicular to the
angular momentum vector of the inner stellar disk (R 6 5
kpc). Note that, at these radii, we obtain ρˆdipole maps with-
out structure after removing the quadrupolar feature, except
5 Note that any quadrupolar mode excited by the DM halo –
satellite interaction would also be erased.
for some residual noise. In contrast, the third row of panels
shows the same ρˆdipole, 0.3 Gyr after the satellite pericentre
passage (tlook ≈ 2.5 Gyr). A very clear dipolar feature, with
an amplitude of ≈ 0.15〈ρ〉|r can now be observed. This is a
direct indication that a wake has been excited in the host
by the satellite. In Figure 14 we follow the time evolution
of this dipolar feature. To enhance its signature we stack
all the resulting ρˆdipole obtained from r = 2 to 20 kpc. At
every snapshot we look for the peak value of the resulting
map. We use the maximum of these peak values to normal-
ize all maps. As before, maps are oriented with respect to
the inner galactic disk. The colour coded dot indicates the
direction of the satellite, as seen from the galactic centre.
Before the satellite pericentre passage (top leftmost panel),
at tlook = 3.7 Gyr, the map does not show any dipole signa-
tures. As the satellite approaches, a clear signature grows.
As expected from VW00, this peaks just after pericentre
passage and then slowly degrades. By the present day (bot-
tom rightmost panel), the dipolar signature has vanished.
5 DISCUSSION AND CONCLUSIONS
In this work we have analyzed a fully cosmological hydro-
dynamical simulation of the formation of a Milky Way-like
c© 2015 RAS, MNRAS 000, 1–16
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Figure 14. Time evolution of the dipolar mode excited on the host DM halo due to the interaction with the fly-by encounter. These
maps are the result of stacking, at every snapshot, the resulting ρˆdipole obtained from r = 2 to 20 kpc (see text for details). All maps
are normalized to the same value and oriented with respect to the inner galactic disk. The colour coded dot indicates the location of the
fly-by. The galactocentric distance of the fly-by, Rsat, is indicated on the top of each panel.
galaxy. As discussed by M14, the final system is strongly
disk–dominated with a realistic rotation curve, a surface
density profile close to exponential, and both stellar age dis-
tribution and size that are consistent with expectations from
large galaxy surveys in the local Universe.
We have focused our interest on the evolution of the
vertical structure of the stellar disk. For this purpose we
have created maps of the mean height of the disk within
R 6 20 kpc at various times. Our results show the present
day disk configuration to have a strong and well defined ver-
tical pattern, with amplitudes as large as 〈Z〉 ≈ 3 kpc. The
pattern becomes noticeable at R ≈ 13 kpc, and increases its
amplitude as we move away from the galactic center. The
inner disk, R 6 12 kpc has a smoother vertical structure,
with 〈Z〉 ≈ 0 kpc. This configuration is reminiscent of what
has been observed in the outer Galactic disk (Slater et al.
2014; Xu et al. 2015; Price-Whelan et al. 2015). Indeed, the
outer Milky Way (MW) disk exhibits an oscillating asymme-
try whose amplitude increases with Galactocentric radius,
with material visible at large Galactic latitudes (∼ 30◦).
The mean vertical velocity of our simulated disk, 〈vz〉, has a
similar structure to 〈Z〉, with values as large as 65 km/s in
the outer disk. By contrasting the phases of the 〈Z〉 and the
〈vz〉 maps, we have clearly exposed the oscillatory behaviour
of the vertical pattern.
Maybe the most interesting feature of the disk’s present
day vertical structure is the large span in galactic longi-
tude (≈ 180◦) covered by this pattern. By creating maps
of star particle counts, we have compared its structure to
the Mon ring as seen by Pan-STARRS1 (S14). As shown
by S14, the Mon ring exhibits a complex morphology with
both stream-like features and sharp edges both north and
south of the disk. A comparison between our mock data set
and the Mon ring reveals considerable similarities. Material
from the simulated galactic disk can be found at the cor-
rect galactic latitudes at all radii and on both side of the
disk. Previous numerical attempts to reproduce the Mon
ring based on models in which the disk is strongly distorted
by an accretion event have failed to deposit material at the
correct heights (e.g. Kazantzidis et al. 2009; Go´mez et al.
2013; Price-Whelan et al. 2015). Furthermore, well defined
arcs of disk material can be found at large and intermediate
galactocentric distances, in agreement with the structure ob-
served by S14. Unlike previous studies, where these arc-like
structures were associated with tidal debris from disrupted
satellites (e.g. Grillmair 2006, 2011), S14 showed that they
have positions and morphologies that are suggestive of a
connection to the Mon ring.
To characterize the origin of this vertical pattern in our
simulated galaxy, we have followed the time evolution of the
system and explored the main sources of perturbations. The
onset of the pattern is relatively sudden and takes place ap-
proximately at 2.5 < tlook . 3. Initially, it shows an m = 1
configuration but quickly starts to wind up into a leading
spiral. This indicates that the external source of the torque,
responsible for the onset of the perturbation, has decayed
over time leaving behind a misaligned outer disk. As dis-
cussed by SS06, after this point the main torque on this
misaligned outer material comes from the inner disk. This
causes the outer disk to precess retrograde at a rate that de-
creases with galactocentric distance, giving rise to the lead-
ing spiral shape.
At tonsetlook all star particles in the disk are similarly per-
turbed, regardless of their age. This rules out a scenario in
which the initial warp reflects the formation of a misaligned
outer disk from newly accreted material (e.g. Rosˇkar et al.
2010). However, we find that, at the present day, the vertical
pattern is significantly more coherent in the subpopulation
of star particles that were born just before tonsetlook . Older pop-
ulations were previously heated by secular evolution or pre-
vious accretion events and, as a result, the vertical pattern
in their distributions more rapidly mixes.
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To identify the main source driving this vertical pattern,
we have characterized the distribution of satellite galaxies
that interact with our host at tonsetlook . The most significant
perturber is a low-velocity fly-by with a pericentre passage
at tlook ≈ 2.7 Gyr. This satellite has a total mass of ∼
4 × 1010M, a pericentre at ∼ 80 kpc and a velocity at
pericentre of ∼ 215 km/s. Even though it is not massive
enough to directly perturb the galactic disk, we find that it
significant distorts the halo density field which subsequently
perturbs the embedded stellar disk.
The mechanism underlying this satellite – halo – disk
interaction was presented by Vesperini & Weinberg (2000).
The response of the halo is determined by a resonant in-
teraction with the satellite. Its strength depends not only
on the mass of the perturber, but also on its pericentre dis-
tance and velocity. The lower the velocity, the stronger the
response, which manifest as a density wake that can be rep-
resented as a superposition of several resonant modes. The
strongest of them are the dipole and quadrupole which are
only weakly damped. In particular, the dipolar response of
the halo can be thought of as a displacement of the halo
center of mass with respect to the central density cusp. To
search for such a dipolar response, we created halo overden-
sity maps at various times, centering our coordinates on the
bottom of the potential well. This analysis showed a clear
and strong dipolar response in the inner halo (R 6 20 kpc)
that is well correlated with the satellite pericentre passage.
As expected from VW00, the dipolar perturbation peaks
just after the satellite’s pericentre and can be observed for,
at least, 1 Gyr after this moment. Indeed, we find that the
torque exerted on the stellar disk comes, almost completely,
from the inner halo. The time evolution of the halo torque
and that exerted by the satellite itself are well correlated,
even though the satellite is not itself massive enough to sig-
nificantly perturb the disk. The halo is acting to strongly
amplify the satellite’s perturbation. Approximately 70% of
the torque comes from halo material lying at radii between
10 and 25 kpc. This inner halo is well aligned with the galac-
tic disk during the generation of the vertical pattern, con-
firming that the torque is not primarily driven by a mis-
alignment between the principal axes of the disk and halo.
The mechanism driving the vertical pattern in our sim-
ulated disk could, at least, be partially responsible for the
perturbed vertical structure of our Galactic disk. It is thus
interesting to consider what satellite could have induced
a density wake in the Galactic halo to perturb the outer
Galactic disk. The first plausible candidate is the Sagittar-
ius dwarf galaxy (Sgr). As previously discussed, a model of
the interaction between this galaxy and the Galactic disk
can account for many of the global and local morphological
features observed in the Galactic disk (Purcell et al. 2011;
Go´mez et al. 2012, 2013; Price-Whelan et al. 2015). These
models, however, fail to deposit enough material at the re-
quired height to reproduce the observed distribution of main
sequence turn-off stars and RR Lyrae in the outer MW disk
(S14, Price-Whelan et al. 2015). An important assumption
in these simulations relates to initial set-up of the Sgr-like
models. The satellites are launched 80 kpc from the galactic
centre in the plane of the MW-like disk, with their DM halo
mass profiles truncated at the instantaneous Jacobi tidal
radius. This reduces the initial bound mass of the Sgr mod-
els, of the order of 1011 M, by a factor of ∼ 3. Perturba-
tions on the host halo density field that could have occurred
during the virial-radius infall and this initial location are
thus neglected. To study whether such perturbations (and
their associated density wake) are strong enough to bring
the structure of the simulated disk into better agreement
with observations, new simulations that initially place Sgr
models outside the host’s virial radius are required. We defer
this analysis to a follow up study.
Another plausible perturber is the Large Magellanic
Cloud (LMC). Recent studies based on the SMC-LMC or-
bital history before infall into the MW and on the dynam-
ical state of galaxies in the Local Volume suggest a total
LMC mass at infall of ≈ 2 × 1011 M (Besla et al. 2012;
Pen˜arrubia et al. 2015). Thus, this galaxy could be massive
enough to significantly perturb the Galactic disk due both
to its own tidal field and to the subsequent halo density
wake. Note however that current measurement of the LMC
proper motion suggest that this galaxy is currently under-
going its first pericentre passage (Besla et al. 2007; Kallivay-
alil et al. 2013). Thus, it remains to be studied whether the
mechanism discussed in this work has had enough time to
act. Clearly, new numerical models of the Milky Way-LMC
interaction are required in order to reassess the impact of
our most massive companion on the morphology of our own
Galaxy.
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